Objective: To assess the electrophysiologic, histologic, and biochemical features of an animal model of Smith-Lemli-Opitz syndrome (SLOS).
S M I T H -LEMLI-OPITZ S Y Ndrome (SLOS) (Online Mendelian Inheritance in Man
[OMIM] 270400) 1 is the first described example of a "multiple congenital anomalies syndrome" and the first in a growing list of human hereditary diseases involving inborn errors of cholesterol biosynthesis. [2] [3] [4] This often lethal, autosomal recessive disease affects an estimated 1 in 20000 to 1 in 60000 primarily white live births worldwide, although the incidence may be as high as 1 in 1590 to 1 in 13500 (see Battaile et al 5 ), arguably making it the fourth most prevalent autosomal recessive human disease known. The key biochemical features associated with SLOS are abnormal (typically grossly elevated) levels of 7-dehydrocholesterol (7DHC), a penultimate precursor of cholesterol, and markedly reduced levels of cholesterol in blood and other bodily tissues. [6] [7] [8] [9] This abnormality in sterol composition is a consequence of defective activity in the enzyme 3␤-hydroxysterol-⌬ 7 -reductase (EC 1.3.1.21), which catalyzes the conversion of 7DHC to cholesterol. [10] [11] [12] The enzymatic defect, in turn, can be ascribed to any one of a myriad of mutations found to be associated with the DHCR7 gene (localized to 11q12-q13), which encodes the ⌬ 7 -reductase enzyme. [13] [14] [15] Patients with SLOS exhibit a constellation of profound phenotypic and functional abnormalities, including microcephaly, holoprosencephaly, dysmorphic craniofacial features, micrognathia, limb asymmetries, syndactyly of the second and third toes, polydactyly, ambiguous genitalia, hypospadias, cleft palate, short nose with anteverted nostrils, abnormal visceral development (especially the kidneys, liver, and lungs), hypotonia, failure to thrive, and mental retardation. [1] [2] [3] [4] Reported ophthalmologic defects associated with SLOS include choroidal hemangiomas, absence of lacrimal puncta, blepharoptosis, pale optic discs, optic atrophy, optic nerve hypoplasia, sclerocornea and corneal endothelium defects, cataracts, and aniridia. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] However, these findings were not uniformly observed in all of the relevant published cases and are not conclusive in the differential diagnosis of SLOS. In the single published case of retinal histopathologic features associated with SLOS, based on light and electron microscopic analysis of eyes obtained from a 1-month-old boy, Kretzer et al 23 described extensive retinal ganglion cell and axonal dropout, particularly in the peripheral retina, with incipient optic nerve demyelination, as well as "mitochondrial disintegration" in the retinal pigment epithelium (RPE) and the accumulation of "cytoplasmic masses" in the subretinal space proximal to the photoreceptor outer segments. However, the retina exhibited relatively normal histologic stratification and development, including the presence of grossly normal rod and cone photoreceptor cells.
Animal models for SLOS have been developed by treating rats with selective pharmacologic inhibitors of 3␤-hydroxysterol-⌬ 7 -reductase, such as the experimental drugs AY9944 (trans-1,4-bis [2-dichlorobenzylamino-ethyl] cyclohexane dihydrochloride) [29] [30] [31] and BM15.766. [32] [33] [34] [35] In addition, a genetic knockout mouse model also has been developed using homologous recombination to delete much of the structural gene encoding the ⌬ 7 -reductase, but the affected progeny live only 18 to 24 hours post partum, thus greatly limiting the utility of this animal model for experimental studies. 36, 37 We previously described a rat model of SLOS 38 created by the dietary treatment of pregnant female rats with AY9944 during the second and third gestational weeks followed by the systemic injection of the progeny with the drug during a 1-month postnatal period. Using this model, we found that despite marked perturbation of cholesterol synthesis, including the gross elevation of 7DHC levels and reduction of cholesterol levels in the blood, retina, liver, and brain, the histologic and ultrastructural development of the retina proceeded normally, and the electrophysiologic competence of the retina was not substantially compromised. However, in subsequent studies 39 in which postnatal treatment was extended an additional 2 weeks, we observed reduced darkadapted electroretinographic (ERG) b-wave amplitudes and increased implicit times in AY9944-treated rats, although there were no apparent histologic abnormalities in their retinas. These findings prompted us to speculate that if we extend the treatment period sufficiently, we would observe even more severe ERG deficits and frank histologic degenerative changes. Herein, we provide compelling evidence demonstrating that long-term AY9944 treatment in rats (up to postnatal age 10 weeks) causes profound retinal degeneration, correlating the changes in lipid metabolism with altered cellular physiology and retinal structure. This model mimics the biochemical hallmarks associated with SLOS and is consistent with the recently reported ERG abnormalities associated with this devastating human disease. 40 
METHODS

ANIMALS
Pregnant Sprague-Dawley rats (Harlan Sprague Dawley Inc, Indianapolis, Ind) (received 6 days after fertilization) and their progeny were used. Rats were fed a cholesterol-free chow (Purina Mills TestDiet, Richmond, Ind), with food and water provided ad libitum, and were maintained under dim cyclic lighting (20-40 lux; with a 12-hour light and 12-hour dark cycle) at standard room temperature (22°C-25°C). All procedures were approved by the Saint Louis University Animal Care Committee and were in accordance with the ARVO Resolution on the Use of Animals in Research and with the NIH Guide for the Care and Use of Laboratory Animals.
AY9944 TREATMENT PROTOCOL
AY9944 was obtained by custom synthesis and purified by recrystallization to homogeneity (A. H. Fauq, PhD, and S.J.F., unpublished data, 2003), with its chemical, physical, and spectroscopic properties confirmed by comparison with an authentic sample of AY9944 (a gift from Wyeth-Ayerst Research, Princeton, NJ). The treatment protocol was essentially as described previously by Fliesler et al, 38 except the treatment period was extended to 10 postnatal weeks. In brief, pregnant (6 days after fertilization) Sprague-Dawley rats were fed cholesterol-free chow containing AY9944 (1 mg/100 g of chow; maximum of 40 g of chow daily) for the last 2 weeks of the 3-week gestational period. Progeny were then injected on alternating days, 3 times per week, with an aqueous olive oil emulsion containing AY9944 (10 mg/mL; 25-30 mg/kg of body weight) and with a mixture of the fat-soluble vitamins A, D, and E. Controls were injected with vehicle alone and also were fed cholesterol-free chow.
ELECTRORETINOGRAPHY
The ERGs were recorded from 4 control rats and 5 AY9944-treated rats. Animals were dark adapted overnight and then anesthetized by intramuscular injection of ketamine hydrochloride (75 mg/kg) and xylazine hydrochloride (5 mg/kg). The pupils were dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride, and the rats were placed on a regulated heating pad throughout the recording session. Strobe flash stimuli were presented using a Ganzfeld bowl (LKC Technologies, Gaithersburg, Md). The ERGs were recorded from both eyes using a thin stainless steel wire contacting the corneal surface through a thin layer of 1% methylcellulose. Platinum needle electrodes inserted into the cheek below each eye and into the tail served as reference and ground leads, respectively. Responses were differentially amplified (0.5-1500 Hz), averaged, and stored using a signal-averaging system (model UTAS E-2000; LKC Technologies).
In each recording session, a dark-adapted response series was obtained first using strobe flash stimuli that ranged in intensity from −4.3 to 0.5 log candela (cd)-sec/m 2 , controlled by placing Wratten neutral density filters (Eastman Kodak Co, Rochester, NY) in the light path. Stimuli were presented in order of increasing intensity, and at least 2 responses were averaged at each flash intensity. A steady rod-desensitizing adapting field (0.6 cd/m 2 ) was then presented in the Ganzfeld bowl. After 7 minutes of light adaptation, responses were recorded to strobe stimuli ranging from 1.2 to 0.5 log cd-sec/m 2 . At each intensity, responses to 50 successive flashes presented at 2.1 Hz were averaged.
The a-wave amplitude was measured from the prestimulus baseline to the trough of the a-wave, whereas the b-wave was measured to the positive peak, either from the trough of the a-wave or (if no a-wave was present) from the baseline. Implicit times for a-and b-waves were measured from the time of stimulus presentation to the a-wave trough and to the b-wave peak, respectively.
We also analyzed the leading edge of the dark-adapted awave in terms of a modified form of the Lamb and Pugh model of rod phototransduction 41, 42 :
where P3 represents the mass response of the rod photoreceptors, the amplitude of which is expressed as a function of flash energy (i) and time (t) after flash onset; S, the gain of phototransduction; R mP3 , the maximum response; and t d , a brief delay. This model was initially applied to human control and patient data, 43, 44 and it has been used since to model the leading edge of the rodent a-wave. [45] [46] [47] Application of this model requires the use of high-intensity stimuli. 40 Owing to this constraint, we only fit the model to responses obtained to the highest-intensity stimulus (0.5 log cd-sec/m 2 ). To provide a basis of comparison with data reported by Elias et al 40 from patients with SLOS, we converted 0.5 log cd-sec/m 2 to 16520 R* using a conversion factor of 1 cd-sec/m 2 approximately equal to 5012 R*, where R* represents the number of rhodopsin photoisomerization events per rod.
LIPID ANALYSIS
Methods used for the saponification, extraction, chromatographic resolution (reverse-phase high-performance liquid chromatography), identification, and quantitative measurement of sterols from rat tissues (including serum, neural retina, liver, and brain) were as described in detail elsewhere. 38, 48 All procedures were performed under dim room illumination to minimize lightinduced isomerization and degradation of lipids. Tissue samples were harvested immediately after ERG recording, while the animals were still under deep anesthesia. Blood samples were obtained by intracardiac puncture, and serum samples were prepared by centrifugation of whole blood after allowing for clotting to occur. One eye from each animal was harvested for histologic and ultrastructural analysis (see the following subsection); neural retinas (free of RPE) from contralateral eyes were rapidly dissected out and snap frozen in liquid nitrogen, as were the livers, brains, and serum samples. Specimens were stored in darkness at −85°C until ready for analysis. Immediately before saponification, tissues were supplemented with an internal standard of [ to provide a means of correcting for losses incurred during preparation of the nonsaponifiable lipid extracts and to act as an internal chromatographic standard for comparison with the mass elution profiles (UV detection, 205 nm). Identification and quantification of sterols and sterol mass were accomplished by comparing the individual chromatographic peak retention times and integrated peak areas with those of authentic sterol standards, particularly cholesterol and 7DHC (obtained from Sigma-Aldrich Corp, St Louis; recrystallized from methanol-water twice before use). In addition, the chromatographic properties and detector response factor (high-performance liquid chromatography integration units per nanomole of sterol) were determined for an authentic standard of 8-dehydrocholesterol (8DHC) (cholesta-5,8 [9] -dien-3␤-ol), obtained previously as a gift from George J. Schroepfer, Jr, MD, PhD (Rice University, Houston, Tex).
HISTOLOGIC AND ULTRASTRUCTURAL ANALYSIS
Retinas from the eyes of AY9944-treated and control rats were analyzed at the light and electron microscope levels essentially as described in a previous publication. 49, 50 In brief, 1 eye each from treated and control animals was immersed overnight at 4°C in buffered mixed aldehyde fixative (2% glutaraldehyde, 2% paraformaldehyde, in 0.125M sodium cacodylate buffer, pH 7.4, containing 0.025% calcium chloride), after removal of the superior cornea and the lens; the inferior cornea was left in place to serve as a geographic marker. After buffer rinses, osmification, and dehydration through a graded ethanol series, eyes were embedded in epoxy resin (Spurrs formulation), and 0.75-µm-thick sections were collected onto glass microscope slides using an ultramicrotome (UltraCut-E; Reichert Ophthalmic Instruments, Depew, NY). Eyes were sectioned along the vertical meridian through the optic nerve head, from the superior ora serrata to the inferior ora serrata, and examined by light microscopy after staining with 1% toluidine blue and coverslipping using a photomicroscope (model BH-2; Olympus, Melville, NY) with an oil-immersion lens (20ϫ DPlanApo or 60ϫ SPlanApo; Olympus). Digitized images were obtained using a digital camera (model DXM1200; Nikon Instruments Inc, Melville, NY), and images were stored using Nikon software on an IBM-compatible personal computer. Thin (70-to 80-nm) sections corresponding to retinal regions of particular interest were collected onto copper mesh grids, counterstained with uranyl acetate-lead citrate, and examined using an electron microscope (model 100CX; JEOL USA, Peabody, Mass) and an accelerating voltage of 60 keV.
QUANTITATIVE MORPHOMETRIC ANALYSIS
Quantitative measurements of outer nuclear layer (ONL) thickness, rod outer segment (ROS) lengths, and pyknotic nuclei in the ONL were performed essentially as described previously. 51, 52 Resin-embedded blocks of hemisected eyes were sectioned for light microscopy along the vertical meridian, as indicated in the previous subsection. Three serial sections were cut and mounted from each block and then examined and the section plane was adjusted, as needed, for proper ROS alignment. From each section, digitized images were collected at 0.5-mm intervals, beginning at the optic nerve head and proceeding to the far periphery in the inferior and superior hemispheres. From each such image, 5 ONL thickness measurements and 10 ROS length measurements were gathered from random locations within the field of view, and the data were tabulated using a electronic spreadsheet (Excel; Microsoft Corp, Redmond, Wash). This provided 15 independent ONL measurements and 30 independent ROS measurements per locus; mean±SD values for each locus were calculated from eyes obtained from 3 to 5 rats per treatment group and plotted as a function of distance from the optic nerve head, thereby generating a morphometric profile for ONL thickness and ROS length across the vertical meridian for control and treated animals. Summary data averaged across the vertical meridian were further analyzed using a homoscedastic t test (Excel); significance was determined at the 95% confidence interval or higher. Using the same fields, pyknotic nuclei in the ONL were counted and recorded. Pyknotic cell counts were summed and tabulated for each linear millimeter of vertical meridian length, and the resulting data were subjected to the same statistical analysis as used for ONL thickness and ROS length measurements. Figure 1A presents a series of representative darkadapted ERGs obtained from a control rat and a rat treated with AY9944. In each series, the responses to 5 different stimulus intensities are superimposed. Responses obtained from AY9944-treated rats were similar in overall waveform but were smaller in amplitude compared with those from control rats. Figure 1B compares average intensity-response functions for a-and b-wave amplitudes. The responses of AY9944-treated rats were significantly reduced in amplitude below control levels for the a-(F 1,7 = 41.5; PϽ.01) and the b-waves (F 1,7 = 12.3; PϽ.01). Across the stimulus-response range tested, mean±SD a-wave amplitudes of AY9944-treated rats were reduced to 66.9% ± 15.5% of control values, and b-wave amplitudes were reduced to 81.5% ± 3.1% of control values across the stimulus-intensity range. Figure 1C presents the corresponding implicit time data. The implicit times for rod responses were substantially greater in the treated group than in controls, and these differences were statistically significant for the a-(F 1,7 = 28.4; PϽ.01) and b-waves (F 1,7 =78.1; PϽ.01). These results indicate a significant perturbation of the rod-localized phototransduction process (reflected in the a-wave) and the bipolar cell response (mirrored by the b-waves).
RESULTS
AY9944 TREATMENT AFFECTS ROD AND CONE FUNCTION
To further evaluate the effects of AY9944 treatment on rod photoreceptor function, we analyzed the leading edge of the a-wave in terms of the Lamb and Pugh model 41, 42 of rod phototransduction. Figure 2A compares the leading edge of the a-wave from each rat in response to the highest-intensity stimulus (0.5 log cd-sec/m 2 ). In this format, responses have been normalized by dividing the entire response by the maximal response amplitude (R mP3 ) variable. The leading edge of the a-wave reached the trough more slowly for AY9944-treated rats than for control animals, and there was no overlap between the 2 groups. Figure 2B displays the R mP3 values obtained for each rat. The average value of R mP3 for the AY9944-treated animals was reduced nearly 2-fold compared with that of controls (t 7 =9.8; PϽ.001). Figure 2C plots the corresponding values of photoreceptor gain (S). The average value of S for the AY9944-treated rats also was reduced nearly 2-fold compared with that of controls (t 7 =5.9; PϽ.001). Figure 3A compares cone ERGs obtained from a representative control rat and an AY9944-treated rat. The overall amplitude of the cone ERG is reduced after AY9944 treatment. Figure 3B compares average intensityresponse functions for cone ERG b-wave amplitude; the responses of AY9944-treated rats were significantly reduced below control levels (F 1,7 =24.8; PϽ.01). Across the stimulus-response range tested, mean±SD cone ERG amplitudes of AY9944-treated rats were reduced to 60.8%±1.0% of control values. Figure 3C presents the corresponding implicit times, which were significantly prolonged in the treated group compared with controls (F 1,7 =78.1; PϽ.01). These results indicate that cone photoreceptor function also was markedly affected by AY9944 treatment, as was the function of the depolarizing class of cone bipolar cell, which makes a large contribution to the rat cone ERG under these stimulus and recording conditions. 53 These findings demonstrate that rod and cone function are markedly affected by prolonged systemic treatment of rats with AY9944. Furthermore, they suggest that visual information processing in the inner retina, at least at the level of bipolar cell function, also is compromised by this treatment.
STEROL COMPOSITION OF RETINA AND OTHER TISSUES IS MARKEDLY AFFECTED BY AY9944 TREATMENT
In good agreement with a previous study, 38 and consistent with results obtained by other researchers 29, 31, [54] [55] [56] regarding the effects of AY9944 on lipid metabolism, rats treated systemically with AY9944 for nearly 3 months exhibited grossly deranged sterol metabolism (Table and Figure 4 ). This finding is evidenced by the marked accumulation of 7DHC (and lesser amounts of the 8-dehydro isomer, 8DHC) and the substantial reduction in the cholesterol content of retina and serum relative to age-matched controls. In controls, cholesterol is the overwhelmingly dominant, if not exclusive, sterol present in all tissues examined, and steady-state levels of 7DHC and 8DHC are barely detectable, if present at all. In fact, 7DHC was the dominant sterol detected in tissues from AY9944-treated animals, with the 7DHC-cholesterol mole ratio being approximately 5:1 for retinas and nearly 9:1 for serum samples. A similar trend in sterol composition was observed on analysis of whole brain and liver (data not shown). Although 7DHC is, by far, the predominant sterol in the retinas and serum samples of AY9944-treated rats, accumulation of 8DHC also was substantial, with the 8DHC-cholesterol mole ratio for retina being about 0.6 and the 7DHC-8DHC mole ratio being approximately 8.7. On a per retina basis, the total sterol content of retinas from AY9944-treated rats was approximately 80% that of age-matched controls, the difference being largely due to differences in eye size and, hence, overall retinal mass, since treated animals were considerably smaller than controls (eg, only approximately 50%-60% of control body weight). The 7DHC-cholesterol mole ratio for serum samples from AY9944-treated rats also was approximately 8.7, cholesterol levels were reduced to approximately 23% of control levels, and total serum sterol levels also were markedly reduced (by approximately 75%) relative to controls. These latter findings are consistent with the well-known hypolipidemic effects of AY9944.
29-31,54-56
AY9944 TREATMENT CAUSES PROGRESSIVE RETINAL DEGENERATION
In contrast to the previously reported lack of histologic alterations induced in rat retinas up to 1 postnatal month of treatment with AY9944, 38 extending the treatment duration up to 3 postnatal months (10 weeks) resulted in obvious histologic changes consistent with progressive retinal degeneration ( Figure 5) . These changes, which included reduction in ONL thickness, pyknosis of ONL nuclei, dropout of photoreceptor cells, and reduction in ROS length, were observed in the superior ( Figure 5A and B) and inferior hemispheres ( Figure 5C and D Abbreviations: Chol, cholesterol; 7DHC, 7-dehydrocholesterol; ND, not detected.
*Values (mean ± SD, N = 5) were determined by reverse-phase high-performance liquid chromatographic analysis of extracted nonsaponifiable lipids, corrected for recovery efficiency using an internal standard of tritiated cholesterol.
†Mole ratio of 7DHC to cholesterol; the sum of these sterols is 90% or greater of the total sterols detected.
‡The 7DHC level is below the level of detection; hence the 7DHC/Chol ratio is approximately zero. observed in ONL thickness and nuclear pyknosis (measurements relevant to overall photoreceptor viability) as a consequence of extended AY9944 treatment were quantified ( Figure 6 ). Overall, ONL thickness was reduced by approximately 18% relative to controls (PϽ.01), from the optic nerve head region to the periphery, consistent with a loss of approximately 2 of 10 rows of photoreceptor nuclei. Photoreceptor loss was symmetrical, with a comparable degree of ONL thickness reduction observed in the superior and inferior hemispheres. Pyknotic nucleus counts (measured per linear millimeter of retinal expanse along the vertical meridian) in each retinal region examined were consistently and substantially higher (approximately 4.5-fold, on average) in AY9944-treated animals compared with controls, consistent with enhancement of photoreceptor cell death and dropout in AY9944-treated rats. Superimposed on the loss of photoreceptor cells was a substantial reduction in ROS length in the remnant photoreceptors. Analysis of well-aligned rods in the superior hemisphere revealed an overall 33% loss in ROS length when AY9944-treated rats were compared with controls (mean±SD ROS length, 22.1±3.7 µm and 33.2±2.7 µm, respectively) (Figure 7) . A similar reduction in ROS length also was observed in the inferior hemisphere (data not shown); hence, the retinal degeneration seems to be relatively symmetrical and uniform in both hemispheres rather than exhibiting a geographic preference for a particular retinal region. In most other respects, however, the remnant photoreceptors and their outer segments seemed histologically and ultrastructurally normal (see also the "Comment" section), except for the increased incidence of ONL pyknosis mentioned previously herein. Owing to the relative paucity of identifiable cone photoreceptors in the roddominant rat retina and the difficulties in obtaining optimal cone outer segment alignment from region to region along the vertical meridian, a similar analysis of cone outer segment lengths was not performed.
AY9944 TREATMENT CAUSES MARKED ULTRASTRUCTURAL CHANGES IN THE RPE
In addition to the observed histologic changes in the neural retina, examination at the ultrastructural level revealed that the RPE in AY9944-treated rats was abnormal compared with that in age-matched controls (Figure 8) . The RPE cytoplasm in treated rats was congested with numerous membranous and osmophilic (presumed lipid-laden) inclusions, including phagosomes, multivesicular bodies, and residual bodies, well beyond the normal level of such inclusions in the RPE of control rats. Again, this pathological feature did not exhibit any apparent regional preference but was consistently observed along the entire vertical meridian in the superior and inferior hemispheres.
In addition, unlike in control rats, where the RPE exhibited an accumulation and then clearance of ingested ROS tips (phagosomes) as a function of the time of day, 57,58 the congestion of the RPE in AY9944-treated rats seemed relatively invariant throughout the day (data not shown). Regardless, the RPE in treated rats maintained its normal polarity, for example, distribution of mitochondria proximal to the basal plasmalemma and the Bruch membrane, extension of apical microvilli, and maintenance of basolateral membrane and junctional complex integrity. Also, at this stage of treatment, there was no evidence of appreciable RPE hypertrophy or hyperplasia, RPE nuclear chromatin appeared comparable to that of controls, there was no obvious change in the thickness of the Bruch membrane, and there was no apparent increased deposition of lipid inclusions in the Bruch membrane relative to controls.
COMMENT
We described the electrophysiologic (ERG), biochemical, histologic, and ultrastructural features of a progressive retinal degeneration in a rodent model of SLOS. The deficits in photoreceptor-mediated retinal function are generally consistent with the observed photoreceptor degeneration, as characterized by a reduction in the ROS length with increased photoreceptor pyknosis and cell loss (ie, diminished ONL thickness). The definitive biochemical features of this animal model-an elevated 7DHC-cholesterol mole ratio (due to high 7DHC levels and low cholesterol levels) and a marked reduction in total serum sterol levels relative to controls-are consistent with the hallmarks of the human hereditary disease, particularly as observed in the more severe (type II) form of SLOS. [1] [2] [3] [4] [6] [7] [8] [9] [10] [11] However, a direct comparison between the retinal histopathologic features of our animal model and those of human SLOS must await analysis of a larger cohort of SLOS donor eyes than currently exists. As mentioned previously herein, the only published description of SLOS retinal histopathologic features is that provided by Kretzer et al 23 in a case report of an ocular specimen obtained from an affected 1-monthold boy. The neurosensory retina exhibited relatively normal histologic stratification of the cellular layers and welldifferentiated rods and cones. Those findings are consistent with our previous study 38 of the AY9944-induced SLOS animal model, where the retina appeared relatively normal, histologically and ultrastructurally, in the first postnatal month of life. Atchaneeyasakul et al 28 described variable ocular findings in a group of 8 children (aged 1 week to 5 years) with well-documented SLOS ranging from mild to moderately severe disease phenotypes. In addition, the sterol composition of ocular tissues (including the neural retina, RPE, lens, cornea, sclera, and ocular muscle) from a spontaneously aborted fetus (32 weeks' gestation) affected with SLOS was reported in that study, with the corresponding tissues from the eyes of a nonaffected 3-month-old child serving as a control. All ocular tissues from the fetus with SLOS exhibited grossly elevated levels of 7-and 8-dehydrosterols compared with normal eyes (which did not exhibit any detectable 7DHC or 8DHC), with 7DHC-cholesterol mole ratios ranging from approximately 0.4 for the retina, cornea, sclera, and muscle to 1.48 for the lens, with the ratio for the RPE being 0.93. Qualitatively, these results are consistent with the biochemical findings in our animal model, although our animals exhibited more profoundly deranged cholesterol biosynthesis.
The recent study by Elias et al, 40 which represents the first ERG study of patients with SLOS, demonstrates significantly delayed rod activation and deactivation kinetics, as well as reduced postreceptor sensitivities, compared with unaffected controls. In that study, the sensitivity variable S (see Hood and Birch 44 ) for patients with SLOS was found to be only approximately 61% of the value determined for controls. This variable reflects relative mobilities of and efficiency of interactions between the components of the phototransduction cascade, from initial photon absorption by the visual pigment rhodopsin to the closing of the cyclic guanosine monophosphate-gated ion channels in the outer segment plasma membrane that govern the "dark current" in the rod cell. 42 Those findings are consistent with the ones reported in the present study since we observed an approximately 2-fold decrease in the value of S in retinas from AY9944-treated rats compared with controls. Elias et al 40 hypothesized that the presumed decrease in cholesterol content of the ROS membranes, as inferred from the known inhibition of cholesterol biosynthesis and from the blood sterol analysis of their patients, may explain the slow phototransduction kinetics. However, we consider this unlikely given that (1) ROS membranes are notably cholesterol deficient naturally relative to other mammalian plasma membranes 59 and, (2) if anything, a decrease in the cholesterol content of the membrane would be expected to increase the lateral mobility of the constituent membrane proteins, thereby increasing their interactions and, concomitantly, enhancing the rate of phototransduction because cholesterol tends to restrict molecular motions (decrease membrane fluidity) above the phase transition temperature of the membrane lipids. 60, 61 At this point, the reason for the slow kinetics of phototransduction remains unclear. However, the experimental model described herein offers the ability to examine structure-function relationships in a systematic manner, with the potential of answering this question.
In contrast to the findings of Elias et al, 40 where patients with SLOS were found to have, on average, only a slight decrease (approximately 16%) in the saturated amplitude of the rod response (R mP3 ), our SLOS rat model exhibited nearly a 2-fold reduction in the average R mP3 value relative to controls. The profound reduction in rod responses in the AY9944-treated rat may be due, in part, to the loss of nearly one third of the length of the ROS and the nearly 20% reduction in the total number of remaining viable rods. Because there was no correlative assessment of retinal histologic characteristics in the study by Elias et al, 40 and, to our knowledge, there are no agematched SLOS retinal histologic specimens reported in the literature, further direct comparisons between our experimental animal study and the recently reported study of human patients with SLOS cannot be made.
In addition to a-wave abnormalities, the timing of dark-adapted b-waves of AY9944-treated rats was significantly slower than in control rats. Although the bwave represents the mass response of rod bipolar cells 62 and is thus affected by changes at the photoreceptor level, a computational model of the ERG (see Hood and Birch 63 ) indicates that the implicit time changes noted here cannot be replicated by a decrease in either S or R mP3 . Both of these changes will shift the implicit time function to the right along the stimulus-intensity axis but will not cause delays at low stimulus intensities. Instead, these results indicate that there is an additional defect at the level of b-wave generation, at the synaptic level, or in bipolar cell signal transduction. Cone dysfunction associated with SLOS was not evaluated in the study by Elias et al 40 or in any other published study, to our knowledge. In the present study, we showed that lightadapted ERGs of AY9944-treated rats are dramatically altered compared with those of normal rats, that the average maximum cone response amplitude was reduced by at least 40%, and that implicit times were substantially increased. Assuming that the rat model mimics the human disease, these results would predict that patients with SLOS would exhibit cone dysfunction as well as the previously documented rod dysfunction.
Why should derangement of cholesterol biosynthesis, with concomitant accumulation of 7DHC, cause photoreceptor cell death and retinal degeneration? In brief, it has been proposed that cytotoxic "oxysterols" derived from 7DHC may be involved (for a detailed discussion, see Fliesler 64 ). Hence, this may represent yet another (albeit somewhat specialized) example of the lipid peroxidation mechanisms that have been implicated in the pathobiologic features of retinal degenerations, including experimental retinal light damage, [65] [66] [67] age-related macular degeneration, [67] [68] [69] and uveitis. 70 This hypothesis is supported further by a series of studies in our laboratory that have shown that (1) SLOS rats are markedly more susceptible to retinal light damage than are normal albino rats, 39 (2) treatment of SLOS rats with a systemic antioxidant before intense light exposure can protect against retinal light damage, 71 and (3) steady-state levels of lipid hydroperoxides in the retinas of SLOS rats are approximately 2-fold higher than those in controls, and exposure to retinal light damage conditions produces an additional 3-fold elevation in retinal lipid hydroperoxides, with concomitantly greater histologic damage than observed in light-exposed normal rats. 72 In addition, cholesta-5,7,9(11)-trien-3␤-ol (a compound generated by the decomposition of 7-hydroperoxy-cholesta-5,8-dien-3␤-ol, a sterol hydroperoxide formed by the photo-oxidation of 7DHC) has been identified in the plasma of patients with SLOS. 73 Furthermore, byproducts of 7DHC oxidation have been shown to retard the growth rate of cultured rat embryos, a fact that may have particular significance with respect to the in utero developmental abnormalities associated with SLOS. 74 Regarding the ultrastructural abnormalities observed in the RPE of rats treated with AY9944, we speculate that the observed accumulation of membranous inclusions and lipid deposits may be due to inhibition of lysosomal enzymes requisite for phagosome digestion. Consistent with this finding, Sakuragawa et al 75 described a Niemann-Pick rodent model produced by AY9944 administration, with "lamellar inclusion bodies" appearing in the retina, lens, and other ocular and nonocular tissues, including glia and neurons in the brain. Although the mechanism underlying these observations is speculative and has been challenged by subsequent studies, 76, 77 to our knowledge, the possibility that oxysterols derived from 7DHC are involved, either primarily or secondarily, has not been proposed or examined by other researchers. Studies are currently under way in our laboratory to test this hypothesis directly.
Finally, in addition to offering an experimentally accessible system to study the mechanisms underlying the retinal degeneration and electrophysiologic dysfunc-tion associated with SLOS, this animal model provides a valuable tool for examining possible therapeutic interventions, such as dietary cholesterol supplementation. This may allow further design optimization of therapeutic conditions (eg, combined cholesterol-antioxidant regimens) to be used in clinical treatment trials in addition to those currently in progress. 27, [78] [79] [80] [81] Submitted for publication October 22, 2003 ; final revision received January 20, 2004; accepted January 20, 2004. This 
